The semiconductor polariton laser promises a new source of coherent light, which, compared to conventional semiconductor photon lasers, has input-energy threshold orders of magnitude lower. However, intensity stability, a defining feature of a coherent state, has remained poor. Intensity noise at many times of the shot-noise of a coherent state has persisted, which has been attributed to multiple mechanisms that are difficult to separate in conventional polariton systems. The large intensity noise in turn limited the phase coherence. These limit the capability of the polariton laser as a source of coherence light. Here, we demonstrate a polariton laser with shot-noise limited intensity stability, as expected of a fully coherent state. This is achieved by using an optical cavity with high mode selectivity to enforce single-mode lasing, suppress condensate depletion, and establish gain saturation. The absence of spurious intensity fluctuations moreover enabled measurement of a transition from exponential to Gaussian decay of the phase coherence of the polariton laser. It suggests large self-interaction energies in the polariton condensate, exceeding the laser bandwidth.
INTRODUCTION
Coherent light, characterized by long phase coherence and shot-noise limited intensity stability [1], has been a revolutionary resource in modern science and technology. The coherence in conventional photon lasers is formed through the stimulated photon emission process that requires population inversion in the incoherent gain medium, which sets a lower bound for the energy threshold. In contrast, a coherent matter wave can form as the ground state, rather than inverted state, of a manybody quantum system. Therefore, semiconductor polaritons, half-light and half-matter quasi-particles that can form a condensate [2] , promise an energy-efficient source of coherent light without electronic population inversion [3, 4] , called the polariton laser.
Polariton condensation and lasing at a low threshold density has been demonstrated worldwide in diverse materials [4] [5] [6] [7] [8] [9] [10] under both optical and electrical excitations [11] [12] [13] . Evidence of polariton lasing in the polariton ground state includes quantum degeneracy [14] , reduced intensity fluctuations compared to thermal states [14] , increased spatial [15] and temporal [16] coherence, and spontaneous polarization build-up [17] .
In these polariton lasers, however, a significant fraction of thermal population were either clearly present in the ground state or could not be excluded. Consequently, phase coherence and intensity stability, the defining features of a coherent state that are crucial for many applications of lasers, have been limited. The intensity noise is measured by the second-order coherence function g (2) (0):
where σ 2 n is the variance of the photon number andn is the average photon number. For coherent state with Poisson number statistics, σ 2 n =n and g (2) (0) = 1, as has been observed in both photon lasers and coherent matter waves of atoms [18] [19] [20] . In polariton lasers, however, large intensity noise has persisted, as measured by g (2) (0) > 1 [14, 16, [21] [22] [23] [24] [25] . One of the well-calibrated values reached as low as g (2) (0) = 1.1, which still corresponded to a variance σ 2 n that was 50 times of the shot-noise limit [16] . Such large intensity noise in polariton lasers has been attributed to multiple possible mechanisms, including mode competition among multiple spatial modes or momentum states [26] , reservoir-induced intensity fluctuations [27] , and condensate depletion [28, 29] . These different mechanisms coexisted in previous experiments and could not be separately identified or controlled. Agreements between experiments and theory were qualitative. No solution has been clearly identified to improve the intensity stability of a polariton laser. The quantum statistical nature of polariton lasers and their potential use as a source of coherent light were unclear.
The spurious intensity fluctuations in turn limits the phase coherence. The phase coherence is described by the first-order coherence function g (1) (τ ), which equals 1 at τ = 0 and decays with a coherence time corresponding to the inverse linewidth of the light. In conventional photon laser, g (1) (τ ) decays exponentially and the coherence time increases proportionally with the photon occupation number, giving the Schawlow-Townes linewidth [30] . For polariton lasers, however, the coherence time was limited by energy fluctuations induced by pulsed excitation in early experiments. When intensity stabilized excitation sources were used, energy fluctuations resulting from the spurious intensity fluctuations of the condensate became a main dephasing mechanism [16] .
Consequently, the intrinsic limit of phase coherence of the polariton laser remained obscured.
In this work, we demonstrate a coherent polariton laser with intensity and phase noise limited only by the intrinsic shot-noise of the condensate. We achieve intensity stability at the Poisson limit todetector. For the g (2) measurements, a monochromator followed by two mechanical slits was used to spectrally filter the discrete polariton states. Examples are shown for the spectrally-resolved real space images of the lowest two LP states right after the monochromator (bottom), the spectrally filtered ground state (top left) and the spectrally filtered first excited state (top right). The resolution of the spectral filter was about 0.08 nm, determined by the monochrometer resolution.
in a single-mode polariton laser with suppressed mode-competition and condensate depletion by a cavity with high mode-selectivity. Gain saturation was established to avoid intensity fluctuations induced by the reservoir and non-lasing modes. With full intensity stability, the intrinsic phase coherence of the polariton laser showed a transition from the Schawlow-Townes limit at low condensate occupancies to Gaussian-dephasing at high occupancies. Such a transition was predicted for matter-wave lasers but not observed in experiments before. The Gaussian dephasing results from strong interactions within the condensate, which is unique to a matter-wave lasers [31, 32] and important for nonlinear polariton devices [33] [34] [35] .
THE CAVITY SYSTEM
The cavity used in our work has both high polarization selectivity and tight lateral confinement, so as to suppress mode-competition and condensate depletion while enhancing condensate nonlin-earity. As illustrated in Fig. 1(a) , a suspended high index contrast sub-wavelength grating (SWG)
is used as the top mirror [36] , in place of a more commonly used distributed Bragg reflector (DBR).
The grating breaks the rotational symmetry and was designed to allow high reflectance for only the transverse-electric (TE) polarized mode [36, 37] . Hence polariton modes were formed in a single, predetermined spin state [38] . This eliminates mode competition between different spin states that is ubiquitous in DBR-DBR cavities. The high index contrast allows high reflectance even with
SWGs of a few wavelengths in size. Hence polariton modes were tightly confined to within the SWG region of 7.5 µm × 7.5 µm [38, 39] , featuring a discrete energy spectrum ( Fig. 1(b) ). The non-degenerate ground state is separated from the first excited state by about 1 meV. The energy gap protects the condensate from quantum depletion and mode competition with the excited states. In addition, the discrete energy levels allow us to unambiguously select and measure each individual state, as illustrated in Fig. 1(c) . The tight confinement also enhances the nonlinear polariton-polariton interactions.
SPECTRAL PROPERTIES OF THE POLARITON LASER
With increasing excitation density P , polariton lasing was observed by a sharp super-linear increase of the ground state populationn around the threshold P th (Fig. 2 Additional confirmation of polariton lasing, rather than photon lasing, was shown by the emission energy E LP of the polariton laser vs. P in Fig. 2 (b) and (d). The energy of the polariton laser corresponds to the resonance energy of the polariton ground state, hence it blue-shifted with increasing P due to phase space filling and polariton interactions. Moreover, the blueshift was continuous across the polariton lasing threshold and E LP remained well below the cavity or exciton resonances up to many times above the threshold, confirming that the strong-coupling regime was maintained.
In contrast, drastically different spectral properties were observed when a transition to photon 
INTENSITY NOISE OF THE POLARITON LASER
We characterized the intensity noise of the polariton laser by measurements of g (2) (τ ) using a
Hanbury-Brown Twiss (HBT) type of setup ( Fig. 1(c) ), under both pulsed and continuous-wave (CW) excitations.
The measured value g (2) (0) is an integration of g (2) (τ ) over the measurement time ∆T . ∆T is the duration of the emission pulse for pulsed excitation or the detector time resolution of 40 ps for CW excitation. For a single-mode polariton laser, the g (2) (τ ) vs. τ relation is known. Therefore the actual deviation from the shot-noise limit, |g (2) (0) − 1|, or its upper bound can be obtained accurately from g (2) (0) [46] .
Examples of the measured g (2) (τ ) vs. τ are shown in Fig. 3(a) and (b). For both pulsed and CW excitations, bunching was evident below threshold but absent above threshold, showing the transition to a coherent state above threshold. The variation of g (2) (0) with the normalized excitation power P/P th was shown in Fig. 3(c) , with the corresponding g (2) (0) vs.n shown in the inset.
A rapid transition from a thermal to coherent state was evident. Near P th , where the groundstate occupation numbern was small, bunching was measured with g (2) (0) as high as 1.248 ± 0.007 under pulsed excitations, corresponding to g (2) (0) ∼ 2 after correcting for the time average [46] .
With the onset of quantum degeneracy and sharp increase ofn with P , the intensity noise rapidly decreased toward the coherent limit. Between 2P th and 6P th , with condensate occupation number n = 10 2 − 10 3 , the measured and corrected values of intensity noise remained around unity, with 0.994 ± 0.006 ≤ g (2) (0) ≤ 1.009 ± 0.005 (0.988 ± 0.012 ≤ g (2) (0) ≤ 1.020 ± 0.011), and the average intensity noise in this range was g (2) (0) = 1.002 ± 0.002 (g (2) (0) = 1.004 ± 0.004). These results demonstrate the rapid formation of a coherent state with Poisson intensity noise in a polariton laser.
The experimental data were very well described by an analytical model for single-mode matterwave lasers [16, 31, 32, 40] . The model includes the interaction within the lasing mode, or in our system the self interaction among the condensed polaritons. It also includes other essential mechanisms of a laser: gain, gain saturation, and decay of the lasing mode. In the Bose-degenerate limit ofn 1, g (2) (0) can be obtained as: [31, 40] :
where n s is the gain saturation number.
Comparing Eq. (2) and Eq. (1) shows that the total number fluctuations in the condensate is σ 2 n = n s +n; n s represents fluctuations induced by the reservoir and other non-condensed modes, whilen represents the intrinsic shot-noise of the condensate. The coherent limit is reached when 
00 (0): auto-correlation of GS, g
11 (0): auto-correlation of ES, and g
01 (0): cross-correlation between GS and ES. n √ n s . Fitting our data with Eq. (2) gives n s = 37.3±0.9, with g (2) (0)−1 < 10 −3 at P > 2.5P th (inset of Fig. 3(c) ).
Our result is in sharp contrast to previous 2D polariton lasers. Previously, slow decrease of g (2) (0) with P toward a value above unity was commonly observed, suggesting large n s . For example, in a 2D system featuring multiple localized lasing modes with long coherence times, g (2) (0) = 1.1 was obtained for the selected lasing mode withn ∼ 500. Correspondingly, n s = 25, 000 n dominates the intensity noise [16] . In other experiments, g (2) (0) was typically higher or could not be obtained accurately.
Since a condensate population of 10 2 − 10 4 was commonly reported when the transition to the weak-coupling regime takes place, a relatively small n s as shown here is crucial for establishing intensity stability in a polariton laser.
In addition to reservoir induced intensity fluctuations, we show the effect of mode competition on g (2) (0) in a multi-mode polariton laser. We established two-mode lasing in the same system under the same experimental conditions except for moving the excitation laser spot from the center of the device to slightly off-center, to increase its overlap with the first excited state of the polariton.
[6]. The input-output relationships of both lasing modes are shown in Fig. 4(a) . Contrary to a single-mode laser, clear deviations of g (2) (0) from the unity were observed for both the ground and first-excited state, with g
00 (0) (g
00 (0)) = 1.023 ± 0.009 (1.048 ± 0.019) and g
11 (0) (g
11 (0)) = 1.027 ± 0.009 (1.057 ± 0.019), respectively (Fig. 4(b) ). The increased intensity fluctuations can be explained by the stochastic relaxation of polaritons from a common reservoir into the lasing modes [26] . Consistent with this explanation, we measured strong anti-correlation between the two modes as shown by a cross-correlation function g
12 (0) < 1. We note that such mode competition is difficult to eliminate in 2D or quasi-2D systems, because the linewidth of the lasing mode is typically larger or comparable to the energy separation between LP modes of different polarizations, of different momenta, or in different localization potentials. Our results show that single-mode lasing, achieved by both tight lateral confinement and polarization selectivity in our system, is also crucial for intensity stability of a polariton laser.
PHASE NOISE AND THE CONDENSATE INTERACTION ENERGY
The temporal phase coherence of a polariton laser is described by the first-order correlation function, g (1) (τ ). It is related to the power spectrum of the polariton emission by a Fourier transform. Using an intensity-stabilized CW laser for excitation, we measured g (1) (τ ) of the singlemode polariton laser using a Michelson interferometer (Fig. 1(c) ). The visibility of the interference fringes gives g (1) (τ ) (see Appendix). Examples of the interference fringes are shown in Fig. 5(a) and (b). We then obtain g (1) (τ ) vs. τ at different excitation powers by varying the delay time τ between the two arms of the interferometer.
Very different τ dependence of g (1) (τ ) was observed for the polariton laser as the condensate occupancy was increased. As show in Fig. 5(c) , just above threshold, at a low condensate occupancy ofn ∼ 2.7, g (1) (τ ) decays exponentially with τ ( Fig. 5(c) ), corresponding to a Lorentzian line shape.
This confirms single-mode lasing and shows clearly that the intrinsic dephasing of the condensate dominates over external effects.
Asn increases, g (1) (τ ) changed to Gaussian decay, as is apparent in Fig. 5 (d) forn = 968. The coherence time also decreased. This can not be explained by multi-mode lasing or extrinsic effects, which were excluded by the exponential decay at smalln. It is also distinct from photon lasers, where exponential decay of g (1) (τ ) and Lorentzian spectrum persists in single-mode lasers.
The transition to a Gaussian decay of g (1) (τ ) can be described using the same single-mode matter-wave laser theory as used to describe the g (2) measurements. The g (1) (τ ) of a matter-wave laser is given by [32, 40] :
Here u is the polariton-polariton interaction constant and γ is the decay rate of the polariton ground state. This equation can be simplified in two limits corresponding to the weak and strong interaction regimes. To separate the two regimes, we define a total interaction strength U = 4u √n .
In the weak-interaction regime, U γ, equation (3) is reduced to the Schawlow-Townes formula for a photon laser, exp (−γτ /2n), featuring an exponential decay ( Fig. 5(c) ). Correspondingly, the 1/e coherence time increases linearly with the occupation number of the lasing mode, τ c = 2n/γ. In the strong-interaction regime, U γ, equation (3) is approximated by exp (−2nu 2 τ 2 ), featuring a Gaussian decay, as we observed (Fig. 5(d) ). Correspondingly, τ c ∝ 1/U ∝ 1/ √n . Therefore polariton-polariton interactions and the shot noise of the condensate lead to a Gaussian broadening or dephasing of the polariton laser.
Using Eq. (3) to fit the g (1) (τ ) data at differentn, we can obtain the main parameters governing the dynamics of the polariton laser, n s , γ and u. The best fit yields n s = 61 ± 13, γ = 0.29 ± 0.04 ps −1 and u = (2.2 ± 0.2) × 10 −3 ps −1 . n s is similar to the estimate obtained from pulsed g (2) measurements, 37.3. The difference may be due to different excitation conditions, CW vs.
pulsed, which may lead to different densities and effective temperatures of the reservoir. γ is within a reasonable range. From u we estimated the system size-independent interaction constant uA cond = 4 µeV · µm 2 , which is in excellent agreement with the previously reported theoretical and experimental values [41] . Here A cond ∼ 2.5 µm 2 is the size of the condensate measured from spatial PL imaging (see the inset of Fig. 1 for an example). It was independent of the pump power as expected, since it was determined by the effective confinement potential in 0D systems. This confirms that strong polariton-polariton interaction u could be achieved in our system due to the tight lateral confinement or small A cond . The crossover between the weak and strong interaction regimes corresponds to where U ∼ γ, as illustrated in the inset of Fig. 5(e) .
We note that, although linewidth broadening has been observed in polariton lasers before, contribution by the condensate nonlinearity was negligible. Typically the linewidth broadening was accompanied by an increase in the intensity noise [21, 24] , and thus could be understood as the effect of mode competition. When a single, localized mode was selected, the coherence time saturated above threshold and became independent of the ground state occupancy [16] ; the coherence time was mainly limited by energy shift resulting from reservoir-induced thermal fluctuations represented by n s n. Here, however, the intensity noise remained at the shot-noise limit and thus multi-mode lasing or reservoir induced fluctuations were both negligible. g (1) (τ ) showed strong dependence on the condensate population. Therefore, the Gaussian dephasing we observed directly resulted from interactions within the condensed polaritons.
We also note that dephasing in the condensate may also be induced by thermal fluctuations of the reservoir population [16, 42] . However, this effect would not explain the fast decrease of the coherence time above 2P th , and thus was expected to be much weaker compared to the condensates contribution. As shown in Fig. 2 (e), the energy shift vs. excitation density, d∆E/dP , between 2 − 12P th was slowed down to 1/10 of that below threshold. Therefore the energy fluctuation due to reservoir population fluctuation would change by √ 6 between 2 − 12P th , which is in direct contradiction to the observed 6-fold decrease of the coherence time in this range.
The reason the reservoir-induced fluctuation was weak could be many-fold. First of all, while the energy shift is proportional to the population N , the energy fluctuation is proportional to √ N /A, where A is the system area. In our system, there was no lateral confinement in the QWs and the excitons can freely diffuse. A typical diffusion length [43] gives a spatial extend of about 100 µm 2 . In contrast, the polaritons were tightly confined; their spatial extend was determined by the ground-state wavefunction and measured to be 2.5 µm 2 for all excitation densities. Hence, the energy fluctuation introduced by an unconfined exciton population is attenuated by 1600 times compared to a confined one. At an exciton density of 0.1n sat , for a saturation density n sat = 4 × 10 10 cm −2 per QW [44] , the exciton has a total population of about 4.8 × 10 4 , which introduces an energy fluctuation equivalent to that by about 30 condensate polaritons near zero detuning, while the condensate population quickly built up to 10 2 −10 3 above threshold. Moreover, it would be interesting to investigate if the coherent condensate interacts within itself more strongly than with the thermal reservoir, and if the reservoir fluctuation induced dephasing may become suppressed when the coherent condensate is formed [45] . These issues could be clarified in future investigations with more careful calibration of the exciton density or exciton interaction strength.
CONCLUSION
In conclusion, we have demonstrated the first polariton laser with shot-noise limited intensity stability, or full second-order coherence, operating as a single-mode laser in the gain saturation regime. At high lasing intensities, a transition from exponential to Gaussian decay of its intrinsic temporal phase coherence was observed, which can be understood as resulting from strong interactions within the lasing mode, the polariton condensate. Experimental results of the phase and intensity noise were well described by an analytical model of single-mode matter-wave lasers, which yielded the basic parameters governing a polariton laser's dynamics, including a small gain saturation number and a large polariton interaction strength. The demonstrated intensity stability is a critical feature for lasers. The interaction-induced change in g (1) (τ ) unambiguously reveals the matter-wave origin of the polariton laser. The strong polariton interactions will be important for nonlinear polariton devices [33] [34] [35] .
APPENDIX: MATERIALS AND METHODS
The shown in (Fig. 1(b) ), which gave a Rabi splitting of 12 meV and detuning of about 0.7 meV. The estimated quality factor of the sample from the linewidth measured at low pump power was about 4,000.
The sample was kept at 10 K and excited by a pulsed or continuous-wave (CW) Ti:S laser.
The pulsed laser had a pulse width of 150-fs and a repetition rate of 80 MHz. The CW laser was frequency-locked to within 100 KHz bandwidth and chopped by an electro-optic modulator with 10% duty cycle at 1 MHz to reduce sample heating. The energy of the pump laser was tuned at least 20 meV above the exciton resonance to avoid any coherence induced by the pump laser. g (1) experiments were done using the CW laser and g (2) experiments were done using both the pulsed and CW lasers. An objective lens was used to focus the pump laser to a spot 2 µm in diameter and collect the PL from the sample. The emission was then either sent to a Michelson interferometer or Hanbury Brown and Twiss (HBT) setup for the g (1) and g (2) measurements, respectively.
For g (1) measurements, The intensity distribution in Fig. 5 (b) can be described by
where λ 0 is the wavelength of the lasing mode, φ, θ and τ are the phase difference, angle and time delay between the two interfering beams at given τ . I 1 (x) and I 2 (x) are the Gaussian intensity profile of the two beams, respectively, and are equal with < 1% difference in amplitude. [1] R. J. Glauber, "The quantum theory of optical coherence," Phys. Rev. 130, 2529-2539 (1963).
[2] Hui Deng, Hartmut Haug, and Yoshihisa Yamamoto, "Exciton-polariton bose-einstein condensation," Rev. Mod. Phys. 82, 1489 (2010).
Supplemantry Information for "A Coherent Polariton Laser"
Estimating g (2) (0) and its upper and lower bounds. The measured auto-correlation function, g (2) (0), is an average of the actual g (2) (τ ) over the time resolution of the measurement. Hence when the time resolution is much longer than the intensity correlation time, the measured g (2) (0) approaches 1 due to averaging. When the time resolution is shorter than the intensity correlation time, g (2) (0) approaches the actual g (2) (0). In CW measurements, the time resolution is determined by the response time of the photon counters, which was measured to be ∼40 ps for both of our counters. In pulsed measurements, often g (2) (0) is obtained by integration over the whole pulse and thus the time resolution is determined by the duration of the measured pulses, ∆T . In our experiments, the polariton emission pulse shortened rapidly from 40 ps below threshold to <4 ps above threshold due to the stimulated scattering ( Fig. 6(a) ). Correspondingly, an increase of g (2) (0) near the threshold was observed (Fig. 2(c) in the main text). Figure 6 . (A) The pulse duration of the ground state polariton emission ∆T vs. the normalized pump power P/P th . ∆T are obtained by fitting g (2) (τ ) measured for two uncorrelated pulses, taking into account the measured IRFs of the photon counters. ∆T was well fitted at P/P th < 1.5 (dots) and unresolvable at P/P th > 1.5 (circles). The solid line is the intensity correlation time of 3.1 ps estimated from g (2) (0) below the threshold. (B), (C) Two examples of the least square fitting of g (2) (τ ) vs. τ of two uncorrelated pulses, at P/P th = 0.67 and 1, respectively. The dots are data; the solid lines are the fits using the measured IRF; the dashed lines are the convolution of two IRFs of the photon counter.
To evaluate the actual g (2) (0) from g (2) (0), we need to know the functional form of g (2) (τ ) and the time resolution. Note that, for pulsed experiment, since g (2) (0) depends on the convolution of the pulse, it is also largely determined by time resolution, or the pulse duration ∆T , and is insensitive to the actual shape of the pulse. Below we will approximate the emission pulse by an exponentially decaying pulse. In this way, a single parameter, the 1/e decay time, capture the time duration ∆T , and an analytical relation between g (2) (0) and g (2) (0) can be obtained. We have also checked that assuming a Gaussian (rather than exponential) pulse shape would alter our estimates of ∆T and |g (2) (0) − 1| by only a few percents below or near threshold and no difference for P > 1.16P th .
For a single-mode polariton lasers, the functional form of g (2) (τ ) is the same as that of a standard laser [40, 48] :
(2) (τ ) = 1 + n s n 2 exp (−n n s +n γτ ).
For an exponential pulse with 1/e decay time of ∆T , we have [47] : ).
(S1)
Here τ c = 1/γ below threshold and τ c = (n s +n)/(nγ) above threshold. Hence for our single-mode polariton laser, g (2) (0) can be obtained from g (2) (0) given ∆T , γ and n s .
To obtain ∆T , we note that:
where n is an integer, T is the laser repetition period and I(t) is the convolution of the emission pulse with the instrument response function, IRF(t): I(t) = ∞ −∞ exp (−t 1 /∆T )IRF(t − t 1 )dt 1 . We measured the IRF using a pulsed Ti:S laser with a 100 fs pulse duration. Then ∆T was obtained by a least-square fit of the data with Eq. S2 for ∆T > 4 ps. The results are shown in Fig. 6(a) and examples of the fit are shown in Fig. 6(b) and (c). At P > 1.16P th , ∆T < 4 ps, and g (2) (τ ) becomes indistinguishable from the convolution of the IRFs. In this regime, we take the conservative limit of ∆T = 4.2 ps. It gives the upper bound of |g (2) (0) − 1|, the deviation from the shot-noise limit.
To obtain γ, we use the known value of g (2) (0) = 2 at well below threshold and compare it with g (2) (0). Assuming g (2) (0) = 2 at P = 0.67P th and using ∆T = 74.21 ps (Fig. 6(b) ), we find γ = 0.31 ps −1 using Eq. S1. This value is consistent with γ = 0.29 ± 0.04 ps −1 from the g (1) fitting as discussed in the main text.
